Abstract
To rationalize the high bacterial mutagenic response determined for the cyclopenta-fused pyrene congeners, viz. cyclopenta[cd]-(1) dicyclopenta[cd,mn]- (2) , dicyclopenta[cd,fg]- (3) and dicyclopenta [cd,jk] pyrene (4) in the presence of a metabolic activation mixture (+S9-mix), their (di-)epoxides at the externally-fused unsaturated five-membered rings were previously proposed as the ultimate mutagenic active forms. In the present study, cyclopenta [cd] 
IV.1 Introduction
Cyclopenta-fused polycyclic aromatic hydrocarbons (CP-PAH) represent a sub-class of PAH and contain at least one externally-fused unsaturated five-membered ring. CP-PAH are ubiquitous compounds in our environment, which are formed during incomplete combustion of organic matter, viz. the main energy resource in our society [1, 2] . CP-PAH generally draw attention due to their anomalous physico-chemical properties [3] [4] [5] [6] , and especially in this context their enhanced genotoxic behaviour, i.e. CP-PAH are bacterial and cell mutagens, tumourigens and (co-)carcinogens in contrast to their parent PAH [7] [8] [9] [10] [11] [12] .
Therefore, CP-PAH are important contributors to the mutagenicity and tumourigenicity associated with combustion exhausts; they pose potential health hazard to humans [13, 14] . One of the best-studied CP-PAH is cyclopenta[cd]pyrene (1, Figure 1 ). It has been put forward as the main contributor to the total bacterial mutagenic response found for the non-polar fraction of combustion exhausts [15] . Furthermore, 1 has also been proposed as the primary contributor to the total mutagenicity in airborne particulate matter [16] .
Notwithstanding, the available amount of 1 cannot generally account for the total mutagenic activity encountered. Hence, other still unidentified but biologically active CP-PAH must be present. Potential candidates are the three isomeric dicyclopenta-fused pyrene congeners, Figure   1 ), which were recently synthesized [4, 17] . Their availability subsequently enabled their unequivocal identification as constituents of the non-polar fraction of combustion exhausts [18, 19] . Compounds 2-4 have been also suggested more recently as undesired products that are formed during the thermal removal of pyrene from contaminated in soils [20] .
We recently reported the bacterial mutagenic response of 2-4 in the microsome/Histidine reversion bacterial mutagenicity assay (Salmonella typhimurium strain TA98) [21] according to the standard protocol by Ames et. al. [22, 23] . It was found that the number and the topology of the cyclopenta moieties along the pyrene perimeter markedly affect the mutagenic response of 2-4. Interestingly, 2-4 exert a high dependent on metabolism mutagenic activity (+S9-mix). Moreover, unexpectedly 3 and to a lesser extent 2, also induced direct-acting mutagenicity (-S9-mix). The importance of the olefinic bonds in the five-membered rings for bioactivation, presumably via di-epoxide formation, was determined by assessing the mutagenic response of the corresponding dihydro derivatives of 2-4 in which the five-membered rings contain a saturated carbon-carbon bond instead of an olefinic carbon-carbon bond. These partially saturated CP-PAH were found to be nonmutagenic both in the absence or the presence of exogenous metabolic activation mixture (±S9-mix) [21] . A typical feature of CP-PAH is the low protein content requirement in the exogenous metabolic activation mixture (S9-mix) to exert maximal mutagenic response, which is indicative of a one-step metabolic activation pathway [7, 8, 24] , viz. consecutive onestep epoxidation of the five-membered ring olefinic bonds. This was also observed for 2-4.
The results suggested that the ultimate mutagenic active forms in the presence of S9-mix are the di-epoxides 6-8 ( Figure 1 ). These experimental findings were further substantiated by semi-empirical AM1 calculations of the heats of formation of the mono-, cis-di-and trans-diepoxides. The calculations revealed that the ease for di-epoxidation of 2-4 followed the order in mutagenic potency of 2-4, (2 > 4 > 3), when the optimal microsomal protein concentration for maximal mutagenic response was used (S9-mix 2% (v/v)).
Here we report the synthesis and bacterial mutagenic response (standard protocol typhimurium TA98 ±S9-mix) [22, 23] . Note that the di-epoxides 6-8 are presumably present as two distinct stereoisomer, i.e. the isomeric cis-and trans-di-epoxides; here only the trans-stereoisomers of 6-8 are shown. The molecular point group for each compound obtained after geometry optimization using the semi-empirical AM1 method [25] is shown between parentheses (see also Chapter III, Figure  7 ). Unfortunately, all attempts to separate both stereoisomers were hitherto unsuccessful. As a consequence the stereoisomer mixture of the di-epoxides 6-8 were used in the bacterial mutagenicity assays.
IV.2. Results

Cyclopenta
The bacterial mutagenic response of 5-8 was determined in the S. typhimurium strain TA98 Histidine (His) reverse assay both in the absence (-S9-mix) and in the presence of the optimal concentration S9-fraction in the S9-mix for maximal mutagenic response, i.e. mg protein/plate) determined as optimal for maximal response in a previous study for the parent CP-PAH 1-4 [21] . It has been established for several CP-PAH that their mutagenic response is markedly dependent on the protein concentration in the S9-mix, and that the highest mutagenicity is expressed at low concentrations [7, 8, 24] . It is noteworthy that (di-) epoxides 5, 7 and 8 exhibit a positive mutagenic response both with and without exogenous metabolic activation mixture (±S9-mix); they act as direct-acting mutagens. In the case of diepoxide 6, a high toxicity (±S9-mix) is already found in the low concentration range (vide infra). Hence, its mutagenic potency could not be determined. Interestingly, the mutagenic activity of the (di-)epoxide derivatives 5, 7 and 8 does not increase with the addition of S9-mix.
CP-PAH 1 is a documented metabolic-dependent potent mutagen (specific mutagenic activity of 63.5 His revertants/nmol, Table 1 and Figure 2 ) and this behaviour is re-confirmed in the present study [7] . Its corresponding epoxide 5 exhibits a direct-acting specific mutagenic activity of 61.0 His revertants/nmol (Table 1, Figure 2 ), which accounts for the metabolic-dependent mutagenic response of 1. In the presence of S9-mix, epoxide 5 exerts a similar mutagenic response (specific mutagenic activity 61.8 His revertants/nmol). Figure 1 ) ▲: +S9-mix 2% (v/v), △: -S9-mix). The standard protocol outlined by Ames et. al. was followed using the S. typhimurium strain TA98 [22, 23] .
In Figure 3 , the dose-response curves of compound 2 are compared to the response curves exerted by its di-epoxide derivative 6 (±S9-mix). Note that although the dose-range tested is up to 2.0 µg/plate, even in this low concentration region 6 exhibits a high toxicity;
i.e. lack of background lawn is observed. Hence this hinders the assignment of its mutagenic potency. [21] and its corresponding dicyclopenta[cd,mn]pyrene-1,2,4,5-di-epoxide (6, Figure 1 ) ▲: +S9-mix 2% (v/v), △: -S9-mix). The standard protocol outlined by Ames et. al. [22, 23] was followed using the S. typhimurium strain TA98.
In Figure 4 , the dose-response curves for compound 3 and its corresponding diepoxide 7 are reported. CP-PAH 3 exhibits a high specific mutagenic activity with S9-mix, 48.0 His revertants/nmol, and it is a direct-acting mutagen, 11.7 His revertants/nmol (Table   1 ). Its corresponding di-epoxide 7 exhibits a high direct-acting specific mutagenic response; without S9-mix the activity is almost ten-fold higher than for the parent CP-PAH 3 under the same conditions (101.1 His revertants/nmol, Table 1 ). In the presence of S9-mix, 7 also exhibits a high specific mutagenic activity (93.3 His revertants/nmol).
The dose-response curves for the di-epoxide 8 and its parent CP-PAH 4 are shown in Figure 5 . In the presence of S9-mix, 4 is more mutagenic active than 8 (82.0 and 16.3 His revertants/nmol, respectively, Table 1 ). Without S9-mix, 8 exhibits a high mutagenic response in contrast to its parent 4 (-S9-mix, 23.9 His revertants/nmol). [21] and its corresponding dicyclopenta[cd,fg]pyrene-5,6,7,8-di-epoxide (7, Figure 1 ) (▲: +S9-mix 2% (v/v), △: -S9-mix). The standard protocol outlined by Ames et. al. [22, 23] was followed using the S. typhimurium strain TA98. [21] and its corresponding dicyclopenta[cd,jk]pyrene-1,2,6,7-di-epoxide (8, Figure 1 ) (▲: +S9-mix 2% (v/v), △: -S9-mix). The standard protocol outlined by Ames et. al. [22, 23] was followed using the S. typhimurium strain TA98. [21] . Note that the bacterial mutagenic response of the CP-PAH 1-4 and their (di-)epoxides 5-8 was assayed using the same S. typhimurium T98 frozen permanent and the same microsomal protein fraction (S9) for the exogeneous metabolic activation mixture (see also Chapter III and main text) d Could not be determined due to high toxicity, i.e. a lack of background lawn was observed.
IV.3. Discussion
The use of acetone solutions of dimethyldioxirane as epoxidation system has been frequently employed in literature for obtaining epoxides of (CP-)PAH in quantitative amount, see for example [26] . In the present study, this method gives access to the novel diepoxides 6-8. In all cases the di-epoxides are present as a mixture of presumably their cisand trans-stereoisomers. Unfortunately, the separation of these stereoisomers was hitherto unsuccessful due to the sensitive character of the di-epoxides. Their detailed chemical characterization and preferably the isolation of the distinct stereoisomers is of importance for future enzymatic metabolic studies in the formation of ultimate active forms of the series of dicyclopenta-fused pyrene congeners 2-4 which were shown to be very biologically active (TA98 ±S9-mix) [21] .
The (di-)cyclopenta-fused epoxides 5, 7 and 8 are shown to be direct-acting mutagens (TA98 ±S9-mix). Hence, their role as ultimate mutagenic active forms of their parent compounds 1, 3 and 4, respectively, is confirmed. Di-epoxide 6 derived from 2, which was previously found to possess the highest activity of the dicyclopenta-fused pyrene series tested (163.5 His revertants/nmol, Table 1 ), is too toxic under the present experimental conditions to determine its mutagenic response. A lack in the background lawn is observed, and thus a small number of (revertant) colonies are scored. Thus, since the corresponding partially hydrogenated derivative of 2 at the cyclopenta moieties is non-mutagenic with and without metabolic activation mixture [21] , it is tentative to conclude that epoxide 6 is the mutagenic active form of CP-PAH 2. Notwithstanding the mutagenic potency of 6 cannot be evaluated under the present conditions due to its high cytotoxicity.
Compound 7 exhibits a direct-acting specific mutagenic activity of 101.1 His revertants/nmol, and represents the most active compound of the epoxides tested in the present investigation. The specific mutagenic activity of 7 is more than twice that of its parent CP-PAH 3 in the presence of S9-mix (48.0 His revertants/nmol, Table 1 ). This suggests that the formation of the di-epoxide from 3 by the cytochrome P450 is at some point limited. Note that compound 3 itself is a direct-acting mutagen (-S9-mix, specific mutagenic activity of 11.7 His revertants/nmol) [21] . Hence, 3 represents the first identified contributor to the direct-acting mutagenic activity found in the non-polar fraction of combustion mixtures [21] .
The metabolic-dependent mutagenic activity of 4 is partially confirmed to occur via its di-epoxide 8, since the latter exhibits an independent metabolic specific mutagenic activity of 23. The direct-acting mutagenic potency (-S9-mix) of the di-epoxides 6-8 (Table 1) follows the order 7 > 8 and 6 being highly toxic, which does not correspond to that previously found for their parent CP-PAH 2-4 in the presence of S9-mix 2% (v/v) (2 > 4 > 3 [21] ). Moreover, in this previous study semi-empirical AM1 calculations of the heats of formation of the cis-and trans-di-epoxides 6-8 explained the mutagenic potency order observed experimentally [21] . The formation of the di-epoxides may not be the major factor controlling the mutagenic response dependent on metabolic activation. Other factors can contribute, such as the shape of the compounds, i.e. the presence of two distinct cyclopentafused rings in the case of 2-4 as well as the two distinct di-epoxide stereoisomers of 6-8, which have to interact with the enzymes present in the S9-mix in order to be metabolized
IV.4. Conclusions
The synthesis of the novel di-epoxides at the unsaturated cyclopenta ring of 2-4 has been 
IV.5. Materials and methods
IV.5.1. Test compounds and chemicals
The ( 
IV.5.2. Mutagenicity assays
Mutagenic response was assessed using the Salmonella typhimurium histidine (His) reverse strain TA98 following the protocol by Ames and Maron [22, 23] . The tester strain TA98 has been extensively used in literature for assaying the mutagenic activity of PAH. It has been established that the single use of one tester strain is sufficient to determine positive response [27] . The assays were carried out either in the absence or in the presence of an exogenous metabolic activation system (±S9-mix). The S9-mix consists of rat liver microsome preparations (S9-fraction) obtained from Aroclor-1254 treated male Wistar rats and the NADPH-generating co-factors. The total protein content and the activity of the cytochrome P450 isoenzyme P450-1A in the S9-fraction were determined as 29.15 mg/ml (Lowry method) [28] and 51.58 pmol/ml/min/mg protein (EROD method) [29] , respectively.
The (di-)epoxides derivatives 5-8 were freshly dissolved in p.a. DMSO (500 µg/ml) 5 ). See the Appendix (Table A1) for actual data (mean His revertants ± standard deviation) and correlation coefficients (r 2 ) derivated from the calculation of the specific mutagenic activity. The following criteria [31, 32] are considered to establish a positive mutagenic response: i) three-fold increase in the number of His revertants in plates with test compound as compared to the negative control (DMSO), ii) ascending dose-response behaviour and iii)
replication of results in at least two independent experiments. Note that the generally employed criterion of three-fold rule is not sufficient to establish positive response, since the negative controls differ from each test strain [33] . Furthermore, it should be noted that the bacterial mutagenic response of the CP-PAH 1-4 and their (di-)epoxides 5-8 was assayed using the same S. typhimurium T98 frozen permanent and the same microsomal protein fraction (S9) for the exogeneous metabolic activation mixture.
IV.5.3. Synthesis
Solvents were dried and purified using standard protocols. Commercial reagents were used as received. Caution: CP-PAH and their corresponding (di-)epoxides must be handled according to NIH guidelines for carcinogens due to their potential genotoxicity.
Dimethyldioxirane is a volatile peroxide and must be synthesized and handled with precaution [34, 35] .
Synthesis of (di-)epoxides 5-8
The epoxidation of the externally-fused unsaturated five-membered rings was carried out using a solution of dimethyldioxirane in acetone as oxidation agent, which was prepared following a literature procedure [34, 35] . This method has been used previously for the synthesis of arene-oxides of (CP-)PAH, see for example [26, 36] . Usually, 50-70 ml of 0.07-0.10 M dimethyldioxirane solutions in acetone were obtained. The dimethyldioxirane content was determined by the oxidation of methyl phenyl sulphide and monitoring the formation of its methyl phenyl sulphoxide by capillary GC [34, 35] .
General procedure. The epoxidation was carried out in a 25 ml round-bottom flask at room temperature in the dark using ca. 0.05-0.1 mmol of the appropriate CP-PAH precursor, with either 2.5 mol equivalent (for 1) or 5 mol equivalent (for 2-4) of the freshly prepared dimethyldioxirane solution in acetone, in the presence of an equimolar amount of NaHCO3.
When the reaction mixture turned colourless, the total conversion of the CP-PAH was determined ( 1 H NMR). The reaction mixture was rapidly filtered and the filtrate was immediately concentrated in vacuo. The residue was dissolved in either dry acetone or CH2Cl2, dried over MgSO4 and filtered. Concentration of the filtrate yielded analytically pure samples of the desired (di-)epoxides 5-8 which were stored at -20 o C to prevent decomposition. The di-epoxides could be unequivocally characterized on the basis of their 1 H NMR spectra. Gaussian enhancement of the 1 H NMR spectra revealed that in all cases each di-epoxide was present as a mixture of two distinct stereoisomers in a close to 1:1 ratio (cf. Appendix). Unfortunately, all attempts so far to separate these stereoisomers were unsuccessful.
Prior to each bacterial mutagenicity assay the structural integrity of the (di-) epoxides 5-8 was assessed by 1 H NMR spectroscopy.
Cyclopenta[cd]pyrene 3,4-epoxide (5)
All spectral properties of 5 were in accordance with those previously published reported data (see also Chapter II ) [26] .
Dicyclopenta[cd,mn]pyrene-1,2,4,5-di-epoxide (6)
Presumably, the trans-and the cis-isomers of 6 are obtained. Figure 1 ) using the S. typhimurium strain TA98, with and without exogenous metabolic activation mixture (±S9-mix) following standard protocols [22, 23] . a Mutagenic response was determined as described in Materials and methods section [22, 23] . Results shown are mean values ± standard deviation (from triplicate plates for each dose in two independent experiments), and are given in His revertants per plate, without correction for spontaneous His revertants. b Lack of background lawn, toxicity was observed.
